The use of TSDC analysis [1] [2] [3] [4] for iced water has only been carried out by a limited number of researches. [5] [6] [7] [8] [9] [10] Jeneveau et al. 6 found three major depolarizing current J peaks on J-Temperature (-170 --20˚C) curves, obtained at a heating rate (β) of 3.0˚C/min. Three peaks at -154˚C, -113˚C and -94˚C were found to have activation energies (Ea) of 20.2, 27.0 and 57.8 kJ/mol, respectively. Pissis et al. 7 reported three peaks at -148˚C with an activation energy (Ea) of 24.2 kJ/mol and at -111˚C and -48˚C with no Ea data obtained at β = 3.5˚C/min. They also later reported three peaks at -165˚C with Ea = 23.2 kJ/mol, at -154˚C with Ea = 29.9 kJ/mol and at -53˚C with Ea = 40.6 kJ/mol, obtained at β = 3.0˚C/min. 9 The peak temperature might be dependent on β, the polarizing temperature (Tp), the electrode utilized, and very small amounts of ionic contaminants. Herein, we report on results of the iced water structure, analyzed by TSDC, as a function of β and the polarizing voltage, with a consideration of the contaminant upon TSDC application to tap water samples.
Introduction
The use of TSDC analysis [1] [2] [3] [4] for iced water has only been carried out by a limited number of researches. [5] [6] [7] [8] [9] [10] Jeneveau et al. 6 found three major depolarizing current J peaks on J-Temperature (-170 --20˚C) curves, obtained at a heating rate (β) of 3.0˚C/min. Three peaks at -154˚C, -113˚C and -94˚C were found to have activation energies (Ea) of 20.2, 27.0 and 57.8 kJ/mol, respectively. Pissis et al. 7 reported three peaks at -148˚C with an activation energy (Ea) of 24.2 kJ/mol and at -111˚C and -48˚C with no Ea data obtained at β = 3.5˚C/min. They also later reported three peaks at -165˚C with Ea = 23.2 kJ/mol, at -154˚C with Ea = 29.9 kJ/mol and at -53˚C with Ea = 40.6 kJ/mol, obtained at β = 3.0˚C/min. 9 The peak temperature might be dependent on β, the polarizing temperature (Tp), the electrode utilized, and very small amounts of ionic contaminants. Herein, we report on results of the iced water structure, analyzed by TSDC, as a function of β and the polarizing voltage, with a consideration of the contaminant upon TSDC application to tap water samples.
Experimental

Water samples
Super pure water (SPW), ion-exchanged water (IEW) and distilled water (DSW) were utilized. SPW was prepared by the ultra-filtration of DSW using acrylic micro-filter and ultrafilters. IEW was prepared by a Millipore apparatus. DSW was prepared by distilling tap water. The IEW was used as the standard for all experiments discussed in this paper. The main cation concentrations, pH values, electric-conductivities (EC) and dissolved oxygen concentrations (DO) are collected in Table 1 . Cations other than Si 2+ (ca. 100 ppb for IEW, DSW) were found to be in negligibly small amounts (less than 2 ppb). Naturally, the electric-conductivity of IEW was smaller than that for DSW. However, that of SPW was slightly larger than that of IEW. The reason is not clear, but it might be related to the fact that the dissolved oxygen level of SPW is high. As can be seen in Table 1 , IEW has an EC of 0.35 -0.39 µS/cm (25˚C) and a dissolved-oxygen concentration of 4.12 -5.13 ppm. The IEW was determined to contain Si 2+ , Fe 3+ , K + , Zn 2+ , Na + in concentrations of only 97, 0.51, 0.47, 0.12 and 0.05 ppb, respectively, without any detectable Mg 2+ and Ca 2+ . In order to examine the influence of various cations in the water on the TSDC profiles, the water samples containing 2 -100 ppm levels of K + , Li + , Na + , Mg 2+ and Ca 2+ were prepared by dissolving the corresponding hydroxides in the IEW. Guaranteed-grade deuterated water (HW, NMR use) was also used as a reference. TSDC measurements were also made on tap water for drinking (TWD, Takatsuki city) and two tap water samples for industrial use (TWI) (Takatsuki city, Tonegawa), which have much higher cation contents (see Table 1 ). Quantitative ion analyses (EC, pH and DO) for all water samples were carried out on an atomic-absorption spectrophotometer (Shimadzu Co., Ltd. AA-6400F, flame emission type), EC meter (Toa-Denpa Co., Ltd.), pH meter and DO meter (Horiba, Ltd.), respectively.
Thermally stimulated depolarized current (TSDC) analysis on frozen water
TSDC measurements were made using a TSC/RMA spectrometer 91000 (Rigaku/Solomat) with ice samples aligned between the electrodes in the sample chamber, which was filled with He gas. Global measurements were carried out as a function of β and the polarizing voltage. Water samples were frozen at -10˚C for 15 min and polarized at -10˚C (= Tp) for 2 min (polarizing time tp) by imposing a polarizing voltage (Vp = 100 -500 V/mm). The samples were then abruptly frozen to -165˚C while under Vp, so as to quench the polarized state of the ice samples. Subsequently, depolarization of samples was carried out at a depolarizing temperature of Td = -165˚C for a depolarizing time of td = 2 min. The samples were heated at a rate (β) of 1.5 -10.2˚C/min. A TSDC curve (depolarized current J vs. temperature T curve) was obtained by recording the current (J) generated during the heating process.
Results and Discussion
Relaxation analysis of ice Figure 1 shows TSDC profiles (β = 7˚C/min) for ice samples of ion-exchanged water (IEW), super pure water (SPW), distilled water (DSW) and heavy water (HW). The peak temperature (Tmax) and their depolarized current (J) are collected in Table 2 . As can be seen, three distinct peaks are found at -140.2 --136.4˚C (peak A), -120.5 --115.7˚C (peak B), and -40.2 --31.5˚C (peak E). One envelope (peak C) can be seen at a slightly higher temperature (ca. -100˚C) than that for peak B. Another characteristic region (peak D) is observed between -85 --50˚C. Here, the ices of IEW and SPW seem to have two envelopes at around -80 and -ca. 60˚C. The ice samples of HW and DSW show only one peak at around -56˚C. In addition, peak A seems to have a shoulder peak at ca. -149˚C. Compared with the TSDC profile for the ice of IEW, peaks A and B of other ice samples shifted to a higher temperature; for HW and DSW the depolarized current (J) for peak E increased slightly. As shown later, Tmax observed at β = 7˚C/min (used throughout this work) should be 6 -9˚C higher than that observed at β = 3 or 3.5˚C/min (literature condition). Therefore, the three peaks at -154˚C, -113˚C and -94˚C found by Jeneveau et al. 6 might correspond to peaks A, C and D (lower temperature peaks) in this work. The three peaks at -148˚C, -111˚C and -48˚C by Pissis et al. 7 might correspond to peaks A, C and E in this work. However, peak C is a weak broad envelope and peak B is a distinctive peak in this work. Therefore, there is a possibility that the literature point assigned as peak C might include peak B. Thus, peaks B and D (higher temperature) were found for the first time in this work.
The β dependence of the TSDC profiles for the ice of DSW (peaks A -E region) is shown in Fig. 2 , indicating that peak D (at -80˚C) appeared only at a low β. DSW was used in this analysis, since peak D is clearly seen as one envelope, different from the case of IEW and SPW. In this sense, the peak D relaxation is somewhat exceptional. A wide range of β dependence of TSDC profiles for the ice of DSW clearly shows that Tmax shifts to a higher temperature in accord with β. Polarizing voltage (Vp) dependence of the TSDC profiles for ice water. Since the depolarized current (J(t)) is equal to the timechange of the amount of the frozen polarization (P(t)),
and if relaxation with relaxation time τ is realized by a unique relaxation mechanism,
Here, Ea is the activation energy and k is the Boltzman constant. Therefore, P and its initial value (P0) are given as follows:
If the polarization is based on a dipolar orientation, P0 is given as follows under a certain polarizing voltage (Vp) at the polarization temperature (Tp):
Here, µ is the dipole moment, and N is the number of dipole/unit volume. Thus, P or J is proportional to the polarizing voltage (Vp). The Vp dependence of the TSDC profiles for the ice of HW is shown in Figs. 3a and b . Figures  3a and b clearly show the above mechanism, that these peaks are derived from each independent relaxation process based on
the dipolar orientation. In addition, from the fact that the position of Tm almost does not fluctuate upon changing Vp (see Fig. 3a) , we can simultaneously understand that the reproducibility of the data in this experimenting is high.
Guidance of the activated energy (Ea) of an ice-water molecule.
Since the TSDC profile for ice is measured at a constant heating rate (β = dT/dt), from Eqs. (1), (2), and (4),
If the peak temperature at which the J(t) vs. temperature curve shows the maximum is defined as Tm,
Therefore, the following can be obtained by differentiated Eq. (7) and the activation energy Ea 11 can be calculated: 
(b) (a)
An ln(Tm 2 /β)) vs. 1/Tm plot for DSW (Arrhenius plot, Fig. 4) clearly indicates that peaks A, B, C and E are included in a separate relaxation process. From the figure shown, we can estimate the activation energy (Ea) for each peak (A, 20.2 kJ/mol; B, 26.5 kJ/mol; C, 56.9 kJ/mol; E, 92.1 kJ/mol). It is speculated that Ea corresponds to the energy required when the hydrogen bonds in the state of the ice water molecule are cleaved by a high voltage, and the state of the ice water molecule returns to the original condition during the heating process. The appearance of multiple peaks suggests the existence of multi-states of the hydrogen bonds, which are cleaved by the TSDC process. Table 3 collects TSDC parameters for IEWs containing various cations (2 -110 ppm). Figure 5 shows the TSDC profiles for IEWs containing various univalent cations at 4 ppm. Figure 5 clearly shows that peaks C and D become distinctive with an increase in the J value, and the J value for peak E is greatly increased. An inspection of Table 3 revealed that: 1) Tmax for peak A shifts to a higher temperature with an increase in the cation concentration, except for Na + ; 2) Tmax for peak A for IEW containing Na + (110 ppm) was found at -144˚C with a much-depressed J value, both being lower than those for original IEW; 3) the J value for peak A increased at the 110 ppm level, except for Na + , Mg 2+ ; 4) Tmax for peak B tends to shift to the higher temperature side with an increase in the cation concentration with a strong increase in J at the 110 ppm level for a univalent cation; 5) the J values for peaks C, D and E at cation 110 ppm was out of the scale, except for Mg 2+ ; 6) Tmax for peaks C, D and E are not so different from that for the original IEW, with a somewhat lower value for peak C; 7) the J value for peak E greatly increased even at a low level of cation concentrations.
Influence of cations in the ice of IEW on the TSDC profiles
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ANALYTICAL SCIENCES MARCH 2005, VOL. 21 For a comparison, TSDC profiles for the ice of some tap water samples having a much higher amount of cations are shown in Fig. 6 . The TSDC profiles for the ice of two tap-water samples for industrial use (TWI) are quite different, and are dependent on the supplied district. The profile for ice of TWI (Tonegawa) is quite similar to those with Li + and K + (see Fig. 5 ). The profile for ice of TWI (Takatsuki) revealed stronger peaks B, C and D. TWI (Takatsuki) contains ca. 1.25 times more of Na + and K + and ca. 1.8 times more of Mg 2+ than those of TWI (Tonegawa). A distinct peak between peaks C and D for TWI (Takatsuki) is mainly due to a higher Ca 2+ content, since the drinking water prepared from it (TWD; Ca 2+ content is ca. 1/20 of the TWI) lacked a distinct peak D. Another characteristic feature for TWD is Tmax for peak A, which appears at a lower temperature than that for the IEW. A possible reasons for this is the blowing of chlorine to sterilize drinking water, because this produces chloride ions. Thus, the anion species and their contents should be taken into consideration for explaining the TSDC profile. In addition, as can be seen from Figs. 5 and 6, there is a large difference in the J(T) values under the presence of ions. J(T) might also be influenced by the degree of polarization, which is based on the gap in the equilibrium distribution position of the cation and the anion occurring with an external electric field. Therefore, a large J(T) value with ions could be derived by an electric flow when the polarization returns to the original state with a temperature rise. However, this is beyond the scope of the present experiments. Nevertheless, TSDC measurements can be useful for water qualification judgment. The results might be related to the fact that the ions examined here form so-called positive solvation (that is, water molecules are solvated with such ions by ion-dipole interactions). These results indicate that the profiles of peaks A and B, estimated by TSDC, could be recognized as being relatively stable major for a kind of ice-water structure, but of course with careful consideration on the influence of ions in water.
Conclusion
A thermally stimulated depolarized current (TSDC) analysis of ice water was proved to be an effective tool for the qualitative evaluation of various water samples, including experimentally used water, tap water and so-called activated water samples. Five main peaks (A to E, in the order of increasing temperature) were observed, and two of these (B and D) were found for the first time. The appearance of these multiple peaks suggests the existence of multi-states of the hydrogen bonds, which are cleaved by the TSDC process. Each peak is derived from an independent relaxation process based on a pure dipolar orientation. The TSDC curves are reproducible when water contains practically no cations. A separate addition of each cation at a low concentration revealed that a cation with a smaller ionic radius shifts peak A to a higher temperature. For tap water, which contains relatively high amounts of cations, TSDC profiles are quite different (higher temperature shift of peaks A -D, and strong increase in the current strength of peaks B -E), but the analysis could still differentiate the district from which the water was supplied.
